This constitutes the first study to compare the use of high-intensity pulsed UV light (PUV) irradiation for the novel destruction of harmful protozoan (Cryptosporidium parvum Iowa isolate) oocysts and bacterial (Clostridium perfringens ATCC 13124 and Bacillus cereus ATCC 11178) endospores in artificially-spiked water where these organisms are resistant to conventional chlorination.
INTRODUCTION
Cryptosporidium parvum is a leading cause of human diarrhoeal illness resulting from the consumption of contaminated water, where this parasitic protozoan is resistant to chlorine at levels commonly used in drinking water.
However, protozoan organisms such as Cryptosporidium and Giardia species are very difficult to detect and measure, making routine pathogen monitoring in many water treatment plants impractical. Instead, surrogate methods are used to assign log reduction credits based on specific criteria. In the United States, for example, filtration is assigned a log removal credit based on meeting effluent turbidity limits using the Under the Long Term 2 Enhanced Surface Water Treatment Rule (USEPA ). However, disinfection processes are assigned inactivation credits based on the calculated Ct value (the mathematical product of disinfectant concentration C and contact time t) that do not Farrell et al. a; Garvey et al. ) . This approach kills microorganisms by using ultrashort duration pulses of an intense broadband emission spectrum that is rich in UV-C germicidal light (200-280 nm band). PUV is produced using techniques that multiply power manifold by storing electricity in a capacitor over relatively long times (fractions of a second) and releasing it in a short time (millionths or thousandths of a second) using sophisticated pulse compression techniques (Rowan et al. ) . The emitted flash has a high peak power and usually consists of wavelengths from 200 to 1,100 nm broad spectrum light enriched with shorter germicidal wavelengths (Wang et al. ; GomezLopez et al. ) . A strong advantage of using pulsed xenon lamps over continuous low to medium pressure conventional UV lamps is that the former have a characteristic high peak-power dissipation, which allows for more rapid microbial inactivation.
;
Research for this group has also recently demonstrated that use of the in vitro HCT-8 cell culture assay is equivalent to using the 'gold standard' mouse based infectivity assay for determining disinfection performances of PUV for treating C. parvum in saline solution (Garvey et al. ) 
This results in the visible change of the solution from colourless to yellow, and a change in the absorbance at λ352 nm.
Aiming at these problems, studies on the use of PUV light were carried out by our research group to compare the inactivation of recalcitrant protozoan oocysts and bacterial endospores suspended in water. It is also proposed that a major breakthrough in the decontamination and sterilisation of drinking water and wastewater can be achieved through the development of novel low-temperature technologies such as PUV light.
MATERIALS AND METHODS

Pulsed light system
A bench-top pulsed power source (PUV-1, Samtech Ltd, Glasgow; Samtech ) was used to power a low-pressure were determined for the PUV system at various distances from the light source and at various discharge voltages.
Preparation and analysis of C. parvum oocysts for cell culture infectivity and PUV disinfection efficacy C. parvum oocysts (Iowa isolate derived from a bovine calf)
were purchased from Waterborne Inc., USA. Oocysts were stored in sterile PBS (0.01 M phosphate buffer, containing 0.0027 M KCL and 0.137 M NaCl at a pH of 7.4) with 100 U penicillin/mL, 100 μg/mL streptomycin and 100 μg/ mL gentamicin and stored at 4 W C until they were used for PUV treatment studies. In order to determine oocyst inactivation following PUV treatment, oocysts were first stimulated to infect HCT-8 and Caco-2 cell monolayers respectively. Cells were grown and maintained in a humidi- ). Untreated controls were also enumerated for comparative purposes in all studies. All experiments were also repeated in triplicate with mean and associated variance determined. Significance differences were determined at P 0.05 level using student-t test via Minitab version 15.
RESULTS AND DISCUSSION
PUV inactivation of C. parvum oocysts as determined by in vitro cell culture infectivity A clear pattern was observed in this study where more rapid reductions in populations of C. parvum oocysts occurred with increasing levels of pulsing combined with higher UV dose when investigated using the in vitro HCT-8 cell line infectivity assay (Tables 1 and 2 ). This observation was also evident for the in vitro Caco-2 cell line assay when challenged with similar PUV-treated oocyst samples (Table 2) (Table 1) . However, in these positive wells secondary sites of infection (clusters) were not seen. This indicates that the oocysts were only capable of initial invasion of the cells and could not proliferate to further life cycle stages. Oocysts that only display initial invasion of cells in vitro are believed not to be able to reproduce and infect humans. A similar trend emerged where both HCT-8 (Table 1) and Caco-2 (Table 2) cell (Tables 1 and 2) , where the former was previously shown to be equivalent to using the 'gold standard' mouse-based infectivity assay for determining disinfection performances of PUV for treating C. parvum in water (Garvey et al. ) .
Pulsed UV inactivation of bacterial endospores and vegetative cells suspended in water
One hundred and twenty pulses at 900 V (16.2 J per pulse), equivalent to a UV dose of 8.39 μJ cm À2 , were required to achieve ca. 2 log C. perfringens spore numbers, whereas a similar level of PUV irradiation reduced both C. parvum oocysts and B. cereus endospores by ca. 5 log orders to each microbial species; the higher the k value the more sensitive the test strain to the treatment process (Farrell et al. a, b) . Use of models to determine inactivation performances from lethal or sub-lethal applied stresses have also be advocated by other research groups (Coroller et al. ) . The general trend emerged where the dormant spore form was more resistant to the vegetative cell in both Clostridium and Bacillus species respectively (Figure 2 ).
E. coli cells were particularly sensitive to the lethal action of PUV where a ca. 8-log reduction in cell number occurred within 80 pulses at 900 V (16.2 J per pulse). Interestingly, 120 pulses at 900 V (UV dose of 8.39 μJ cm À2 ) were required to achieve a ca. 5 log 10 reduction in C. parvum oocyst numbers, that was equivalent to ca. 2 and 5 log reductions for C. This study has generated critical data on the efficacy of PUV for water treatment that will facilitate the advancement of water research and will impact strongly on public health by safeguarding water quality and supplies. However, further research studies are required to explore the costbenefits of developing PUV as an alternative or complementary technology for water decontamination at the wastewater treatment plant level.
